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SUMMARY

Velocitydistributionsat the outletof a largenumberof duct
elbowsof roundand elJ.ipticalas well as squareand”rectangulsrcross
sectionweremeasuredat Reynoldsnumbersfrum 0.2 to 0.6 x 106 end the
resultspresentedin tabularform. ~peci~ iIDfW3tigEitiCXISinclude
measurementsof the decayof velocitypatternsproducedby curvedducts
and of the effectof aaymetricslupstreamvelocitydistributions.
Severaltechniquesof measurementwere appliedsinceit was foundthat
thereare threeU.stinctiveregionsof flowin curvedducts~each
requiringa particularmethodof measurement.

‘\
The resultsindicatethatvelocitydlstributionain ctied ductsof

differentcross-sectionalshapeand aspectratio are quitesimilarand
thatthe shapeand proportionsof the duct sectionare a minor factor
comperedwithraMus ratioin regardto theireffectupon the velocity
pattern.Spirallingmotionoccursas a resultof upstreamvelocitydis-
tributionasymmetricalwith respectto the planeof curvature;double-
spirallingmotionis encountereddownstreamof bends of smallradlrq
ratio. Both typesofmotioh persistdownstreamof the curvedducts
longerthansimplevelocitydiscqtinuities. Neithervariationof .
Reynoldsnumberwithinthe rangeof the testsnor simulatedpoor .
matchingof duct jointshas an appreciableeffectupon the velocity .-
distributionin curvedducts.

.

INTRODUCTION

The velocitydistributionin curvedductshas been investigated
experimentaUy,notablyby KeuleganandBei~ (tipference1) and by
Eustice(reference2). The subjectis also treatedincidentallyin
numerousinvestigationsof the pressureloss in curvedducts. The
availablematerial,however,is neitherccxqrehenaivenor does it apply
to the typesof ductbend foundin aircraftinstallationsnor to the .
rangeof Reynoldsnumberencounteredin theiroperation.
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For this reasona progzanof eqerimentalinvestigationof
velocitydistributionsin curvedductswas undertakenwith a twofold
objeotive,namdy, for the purposeof providingthe designerof ai~raft
ductingwith a substantialbody of engineeringdata relativeto the”
velocityMstributionin curvedduetsand furthenuom for the purpose .
of”identi~ing the basic facto= affeoti.ngthe velocitydistribution.
T&Is analysis,it was hoped,n@rt establlsha basis fromwhichveloci&
distributionsin curvedduds otherthan thosetestedmightbe predicted
with ?masonabl.e%OCWSOye .

. The pro$ectwas carriedout at the aerodpandcs I.aboratozyof the
Case Schoolof AppliedSoienceunderthe sponsonhip and with the .
financialassistanceof the NationalAdvisozyComittee for Aeronautics.”
The experhentalwork and the calculationswere performedby Mr. J.
Chvostaand Mrs. F. ScottRodgers,reseamh assistantsat the Case

.Schoolof AppM ed Science. -

SYMBOIS . .

v ..
,

. .

Vt .
-,

axialv@oi@ ccqonentj feetper second f
.

mean velocity ( Quanti-@ of flti

)
, Yeet per

“ Area of omss seotion .

seoond .

tangentialvelocitymnrponentin trsmsverseplaneof .
ductsof oizwularcrosssection,nozmalto radius
of crosssection,feetper second

()pv-#velooity pressureof mean velocity ~ s P*

per squarefoot

staticpressure,poundsper sgti foot

totalpressure,pti per sqti foot

mean mdius of ourvatureof cumed duct

width of duct in plane of curvaWre

width of dnc.tnormalto planeof cUrvatpre

velocitiesdefinedby fl~ 13 . .

distancesdefinedby figure13

- -- ----- ;—.-.. —. -. —.——. . -.—. — -. —— .-. . - - -,., =-—- - - -—--.—,-—“-- .- ——
---- .“’. .,, . .



.,.
.

WA TN No.”1471
.

D

R

equivalent diameter
(4X

Area of &I

‘t )

, feet
Iangthof perimeter .

Reynoldsnumber
()
P~m
M

P mass densi~, poun&seoonds2per foot4

P. absoluteviaooBiQ, pouzui+eoondsper Bqaam foot “
.

r/bl radiusratioof cnzrvedduet

>
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5T STANDMD 5T SH!OIMER5

TestSetup’

The -out of the test standis.shownin figure1. The centrifugal”‘
blower,?xr@lat 5~0 CU.10feet Per. minute against a total. Pressure ‘
of 20 ounoesper square inohat 3500 rpm,was Mven by a direot+mrrent
motor oonneotedin a Ward Leonamloirouitto a motbr generatorset. This ‘
atPoM.ed.speedmrtrol of greataocuraoyovera wide rangeof Reynolds
nuniber.Eor a &inoh+lemeter duet,for ins-e, it was possiblato
attainReynoldsznmibersof 1,000,000and to opezateat airspeedsi2mough
the duet frum 3 feetper seoondto 35o feetper sectond.Maoh mmbers
were as M@ as 0.3.” .

-Thetest setupfor testsof audhfj on the dischargeside of the
bloweris shownin figure1 by soLLdlines,the ammgement for tests
on the Intakeside,by @shed lines. In the fo~r case an intakebox “
of crosssectionof 36 inchesby 36 and length of 48 incheswas
phed at the blowerinlet. The quantityof flowwas
the pressm dropacrossfour sharp-edgedotificesof

%-??!--” ;
6&, and ~-inch diameterwhioh”were~a qmmetricd..lyon a ...J

circlein the frontwall of thisbox. “
.,

Theblowerdisdmged intoa ~lenumohaniberof 173by 17* inohes

in crosssectionand k8 inchesin lengthin which the air flowwas

sttightenetlin a honeymnibsectionof
- 3-W $

-inoh cellsof 8-inoh

depthlocated24 inohesf!romthebl&er outlet@ by a wire screen

i

of ~- inch+Wuneterwire, 18 meshesto the inoh,pl&ed 3 Inches
100

downstamemof the honeyccaib.* maxhuumvelooi~ in the plenum
chaniberwas a~roximately30 feetper second. Gradualdecreaseof ama
ih’omthe ple~ chsmber;O-the&itIon sectton,the throatof which “
matohedthe duet crossseotlon,was aOG_Shea in a fairingseotion

. .
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of l>inch length. Contractionratiosfranthe plenumchamberto the .
ductwere approximately10:1 for the ductstested.

.

When testi~ ductbende onthe inletside,the quantityof flow
was measuredat the outletof the plenumchaniberbyan A.S.M.E.?ozzle

of 3-inch diemeterdischar@ngintoatmosphere.
%

The ductingw& . .
* (.

connectedto a smallerintakebox. The right.+ogleturnfrrxnti+
ductinginto the bluwershownin figure1 waa neoessaqyfor zwasons ,.
of availablespaceand necessitatedthe placingof a set of turning
vanesinto the box to insures%eadyopemtion of the blowerat
all loads.

. .
ElbowsandDucts

.
The curvedductsof cizmlar and ellipticalcrosssec%iont~sted
carvedfrom solidblocksof laminatedwood. The innersurfaces
made veq smooththroughrepeatedapplicationof shellac,alternated
empaperingo Accuratealinementof ductsand elbowswithin -
inchwaa insuredby.braasduwel.sinsertedintothe flanges. The -

curvedductsof squareand rectangularcrosssectionwere likewise
\ constructedof wood and treatedin the samemannerae thoseof circular

“ crosssection. . L

Straight-ductsat the approachand outletwere constructedof
.

galvanizedt>’ in the case of the circularand the el.2Spticcross
section. In orderto preventdistortionof the ductsof elliptic
crosssection,frameswere mountedaroundthe ductsat intervalsof ~
U inchesand the ductswere testedunderinternalpressure,that is,
on the tischargeside of the bloweronly. Therebythe oorrectcrbss
sectionwas maintainedtithincloselimitsoverthe entirelengthof. the duct. The straightductsof squarecrosssectionwere of wood
constructionas it was foundthatthe woodenductsmaintainedtheir .
shapebetterat higherair pressuresthantid the metal ductsof square
,cross-seationalshape. Dimensionsof the-elbowstestedare givenin
tableI. .

. . I

l?qui”pmentfor SpecialTests .

A specialinletbellmouthwas constructedfor the testsof
6-inch-diametercurvedductson the inletside of ‘b blower,as shownfi
figure2. Thisbellmouthwas used in the investigationsof cizmilating . J
flow. A latticeof 24 angular2yadjustablegui& platesservedto .
producea vortexflowpatternin the duct. A specialduct sectionof
6-inchdiametershownin figure3, housinga Msmetral dividingplate
with streamlinedleadingedgeand a screenzwstrjctingthe flow in one”
of the semicizmul.arpassages,was constructedto producea simple ‘ “
asymmetricalflowpattern.
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METHODSOFMWUWENTANDMMSWUNG DhUOES “

, .,

Velocitydist~butionsin curvedduetswere measuredby (1)pitot-
tube traverses,(2) directionalpitotitubeand yaw-headmeasurements,
and (3) hot=+riremeasurements.

Pitot4PubeTrswemes
.,. .

Pitot-tubet~verse meaaqremenksin the diamstralplaneof curvature
of the wrved duetswere obtainedtith a rake consistingof 10 total-
pressuretubes,2 statlo-pressuz%tubes,and 2 wall taps,as shownin
figures4 and 6 of ~ erenoe3.

f
Traverseswere also obtainedwith a

pitot-statiotube of ~ -Mob diameterand s~ dimetiions,in which

casexaaurementsz?e~,notrestrictedas in the oaae of the rake to
. pointsfixedby the looationof the tubes. “

DirectionalMeasurements

It was foundthat,exoeptin the Uametral planeof curvature,the
direotionof.flowdeviatedso much fra axialthat in generalpito~tube

c measuzwmentsfh’omtubesorientedexialllywere unreliable.Thre+
dlmeneionaldiz%mtionalmeasurementswith a yaw headwere consideredbut
theiruse was zmledout as it wouldhave doubledor tripledthe time
requiredfor traverses.It was observed,however,that in the vicinity
of-thewall, velooitycomponentsnozmalto the wall were smalloompared
with the axialand peripheralo,omponents,and tw~nsional directional.
measurementswere foundsatisfmtory.

1 inoh diameter,however,Tests of a conventionalyaw tube of ~-
*

discloseda considemb)y Mge eqmr in Its directionalreadingresulting
fromstatiopressuri3gradientnozmalto the directionof flowand to the -
yaw tube,affectingthe p?mssure’readingsof the lateralholes. It cam
be shownthata static-prwsuregradientnomal to the directionof flow
of 0.5 velooitypressureper inoh,whioh @ not unoommonin c~rvedducts,
producesan errorof 2“ for a yaw tube of ~- inohdiameter. The obvious

remedy,namely,the decreaseof the diameterapp?miably below~ inoh,’

was not thoughtto be feasibleas thiswouldundulydeoreasethe stiff-
ness of the tube. Sinoestatic-pzmssuzw@ents nozmalto the.dizmtion
of flowwere foundto be largeand to oocurfx%quentlyIn the curv?d
ducts,an attemptwas made to reduoethe errorof readingto less than
one-halfthat of the yaw tibeby designingthe yaw head (fig.4). The
distanoebetweenlateralholeswas reduoedto 0.08 inohas -comparedwith
approximately0.18 inoh for the ~- inohyaw tube. The calibrationcurve

. 4

. “1
. ‘,

. .
.
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(fig. h) Wiicatodthat thereadingswith thistubeare sufficiently
criticalto pezmitdetenuinationof the directionof unifoimrectilinear
flowtith a pmotsion equa~to that& %he conventionalyaw tube. Statio- ,
yressuremeasurement fromwall tapswem used to sup@ement directional.—
i.aasummentsnear the wall.

——

HotWire Wasuzaments -

In an attemptto obtainrapidreadingsand dir@ visual
of the velocitypnfiles in curvedduetsa specialtraversing

.

.

.
,

observatim
devioefor

a hot wire was developed.The hot-win instrment usedwith the
traversingdevioehas been describedin referenoe4. Zhis instrument
giveszwadingsproportionalto tie veloci~ and respondsto rapidvelocity
variationswith veq smalltime lag. The directionalcharacteristicsof .
the hot wire are such that it measuresonlythe velooitycomponentin
the phne nomal to the hot vim. The electricallyoperatedtraversing
device(fig.5) oscillatedthe hot wire alonga strai@t linethrough “
a strokeof 6 inohesor less,so as to coverthe width of the air duct. ‘
The frquenoy of oscillationwas 3 cyolesper”seoond;henoethe maximum
speedof the hot wire was approximately5 feetper second,which is
negligibleo~d with air velocitiesexoeptin -as of separation.
Ho-ire readingsby the traversingmethodwem made visibleon the
screenof a cathode-rayosciXlosoope.Defleotlonof the sweepof the beam
proportionalto the travelof the hot wire waa obtainedby a voltage-
dividercizmit actuatedby the travezwingdevioe. Recordsof the
traverseswere takeneitherphotographlcalJyor by tmaoingthe oscilloscope
patte~ by penoilon transparentpaper. A S&Cll@3osoillographiS shown
in figure6. ., .

The hot=wim measurementswere foundusefulin measuringthe -
velocityprofileand the amplitudeand wave lengthof pulsationsand in
somecasesthe directionof the flow. A mmplete directionalvelooity
surveyin the area’of separation,however,was not undertakenbecause
of the disproportionatelylargetime.it was thoughtto reqairs;this
did not seem to be warrantedfor the purposein question.

ACCURACXOF MEASUREWNZS

The entiretest setup,inoludingthe blower,~ carefUly checked
for air leakage. Calibmtion testsestablishedan aoouracyof the
measurementsof the quantityof flowwithinXL.25 .per6ent.The gages
used for pitot-tubeand directionalmeasurementswere knownto be
accuratewithin1 peroentof theirrange,and in eaoh case gagesof a
rangesuitablefor the measurementwere selected. The inaoomy of “
dizactionalmeasurementsrefereedto.previouslydid not exceed2?,
exoeptin regionsof strongfluctuation.-Consequently,the ciroumferentia
velooi~iesmloulated fromthm w be M pe~qnt in errors~~o@ in . ‘
generalthe aocuraoyis jpmater. ,’

.
.
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OFVi310CITYDistribute ON”IN(xlIplycm “

The measurementsleadingto a velocitysurveyof a particularduct
sectionconsistedof q or all of the following:“

1. Total.-pressumand static-pressuretraversein the midplame
of curvature

.
2. Directio@ total-and static-pressuretzavezsein the

midplanenozmalto the plane-ofcurvature “

3. Supplementarydirectionaltotal-and statio-pressure
traversesnoxmalto the wall, for example,for duds of.rectangdaq
crossseotionalonglinesnomal to the plansOr aurvatureand for
ductsof cimmlar orossseotionalongvariousradihllines.

k. Supplementarydirectional.~oundary-~er tzaversesfor
the explorationof secondsq flow . -

5. E@oratory
.

meas+nts in re@ons”of intense’vorticity
.

,
CALIBRATIONms!rs

Calibrationteststo detemine upstream‘conditionswhen testing
curvedductson the outletside of the blowerwere carriedout on a
~inch-dhuueterstraightduet of l~foot lengthaid consistedin taldng
rakemeasurementsof velocitytraversesin the verticalplanehqediately
downstreamof the inletto the duct and in a plane10 feet downstream
of the fairedtransition6ection. Reoordsof the re-ngs were made by
photoprintingthe meniscusesof a iuultitubemanometerfrcmwhichwe~
calculatedthe nondimensionalveloci~ profiles. Profile(a) in “ .
figure7, takenat the outletof the transitionsection,was obtained
frcxna testat R = 750,000. The Reynoldsnuuibersfor profiles(b)
and (c)are 480,000and 750,000,tispeotively.Theseprofiles,taken “
10 feet or 20 diametersdownstreamof the trbsitton section,camnotbe .
distinguishedfrom the fuUy developedprofileat the respective
Repolds nuuibers.On the baais of theseresultsthe rulewas established
of placinga straightduct 20 or more lqdratic diametersin len@h
aheadof the curvedducts,if upstreemconditionscorrespondingto a
fullydevelopedboundeq layerwere desired.

It was observedduringtheseteststhatthe velocityprofilesand
the static-pressu~distributionacrossthe duo-bwere exceedin@y
sensitiveto angularmisalinementof the duct. It appearedthat
misalinementof the duct oausedthe portionof the boundaq layernear
thewall to be displacedtowamithe side ‘+ which the ductwaa bent, in
qyitethe ssmememneras in curvedduets. In orderto provideagainst
this,dintswere carefullydined and securedagainstdisplacementby
reactionfozwes of the disoharge.

. . .

.

.
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RE3UUS AND DEXXISSION

TM 2wiul?tf3obtainedfrom +iheeqyndmenta.1
,arnuged in the followingo*r: presentati”m,

NACA TN No..1471
. .
.,.

lnveatiga%ionm
in detail,of a number

of typicalvelooity~stributim patternsin curvedduds; presentation
in tabularfozm of the principalresultsfrcxna largenumberof elbows
tested;and presentation.of the findingsof specialinvestigations
undertakento o~~ aertaineffeotsencountered.in flow throughcurved “

.

duets.

TypicalDistzzibuti~ .

~ioal velocitydistributionsare shownin figures8 and 9, the
fozmerrepresentingthe resultsof measurements at the outlstof a

~ino~ameter, 90° curvedduct of radiusratio ~ = 1.5 obtainedat

R = 0.60~x 106, &e latter,thosefor a 90° elbowof a ~- by “
.
~ ~-inch squarecrosssectionof ~ = 3.5 at R = 0.53X 106.

bl

The following.featuresq be pointedout in zmgardto figure8.
The totalpressureplottednondimensimallyas a multigleof the velooi~

pressureof mean velooity ~ (absolutevaluesof ~ are irrelevant . ‘

as they dependupon the characteristicsof the setup)is essentially .
oonstantthroughoutthe tin body of the flow,droppingrapi~ in
the proximi~ of the innerwall where tota&pzwssurereadingsfall

. .

belowthe statio-pmwmre reakhgs. Wheneverthis occurredit was taken
as an indicationthatbaclct%wocourrednear the innerwalL No
furtherquantitativesignificance,however,was attachedto pitot-tube -
readingsin the regionof eddybg flowbecauseof theirinherent
inaccuracyat the presumablylargeanglesof -yawencounteredhem.

The nondimensionalstaticpressure ~ rosehfoznily fromthe
.

to the outerti as requiredby the conditionof equilibrium.The

f

inner

velooi~ in the planeof ourva-
Pthroughby the mean velooi~ —

, rOnderea nondim&13ionalby dividing

v~ showsa distributionapproxhating .

that of the potentialflow,that is Vr = Constant,with the exception“
of a smallzagionnear the uutsideand a muoh largerregion’near the .
innerwall.

.

In additionto the foregoingresultsobtainedf2’ommeasurementsin
the planeof curvatwie,the resultsof velooitytmvemes in the
dismetralplanenomal.to the planeof curvatuz%are givenin figure8,
namely, the axial velooi@ profileand the peripheralvelocityprofile.
The fonuershwed a profilesimilarto that of a stmight duct.

i

.
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The profileof the veloci~ componentparallelto the wall revealeda
YX3@OXIOf OU*~ aiZ’eCItidVe100it~eS@ another =gio~) near the

wall, of imardly directedvelocityoamponents.Thereappearsto be ,
a distinctreseniblemcebetweenthe profileof peripheralvelocities

●

and of axialvelocities,whiohwill be discussedlater..

The veloci~ and piwssures~ey at the outletof the elbow.of
squarecross“section(fig.9) reveals in genemalthe seinepatternsas -
for the circularsection. The totalpress-, however,variedconsiderably
alongthe midplaueof ourvature;this indicatedstrongturbulentmixing.
The velocityand area of inwardlydirectedflowparallelto the wall
increasedfhm the outsideto the insideof the.duct. Likewise,the
transversevelocitycompcmentin the tidp- of.curvaturedecreasedtoward
the outerwalJ.frcana positiveto a negativevalue. .

Rqmultsfrcunrakemessurementsin a numberof diemetralplanesof

a 6-inc&diameter,90° ourvedduct,with ~ = 0.75,testedat
bl

R = 0.535’x 106,are presentedisometricallyin figure10. They serve- -
to show that the regionof eddyingflow extendsacrossthe cross-sectional
area approximatelyalonga linenozmalto the pLme of curvature.The
hump of velocityon eitherwall is the zwsultof the currentsof inwardly
direotedYlow whichariseas the paxt of the boundarylayernearest
the wall.is displacedtowardthe insideof the duct..A typicalsurvey
of the static-pressuredistributionis givenin figure11 for the 90° elbow,

with + = O.~, of cinular crosssection,at R = 0.535 x 106.‘The “
D1

~ alongthe midplane.ofcurva-curvesof nondimensional-staticpressure
~

tureand alongthreeotherdiametraltzaversesshowthat statiopressures
am ahost constantalongM nes no-l to the plme of ourvature.

Featuresccmmonto almost~ velocitydistributionsof the duct
bendsmay be notedin figures8 to l).,wherethreedistinctregionsof
flowmay be distinguished.

com.- The core”is the regioninwhich the flow is predominantly
axial,with the *al and peripheralvelocityccmrponentssmall,and ‘
the deviationof directionof flow fromaxialis.lessthan thepermissible
angleof yaw of the pitottube. The totalpreisurein this regionis
fairlyoonstant;the velocitydistributionfrequentlyapproximatesthat

t

of potentialflow. The statiopressurevariesbut slightlyalonglines
nomal”to the planeof marvature.As a matterof definition,it appears
thataE the fWllydevelopedvelocityprofileof a straightduct is
disturbedby the curvingof the stzwam,a b~ leyerof definite ,
thicknessemerges;hende,it seems justifiedto identi~ the regionhere
referred to as the “core.’t This regitm was Smeyed with a pitottube
or *e orientedaxially. !., ..

;. ..” .
...,, .“ -. . . . ..

.-
.
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!l?lmlqyer of’peripheml flow.- The ~er of pe~pheral flow is the 1
regioncoincidingin genezal.with the zegionof the boundarylayernear
the wall, in whiohthe axialvelcmityoaponent is much lessthan in the
sore;the veloci~ oomponentnozmalto the wa31, so smallas to be
negligible;and * pe~pheral velocityocmponent,considerablylarge.
The distributionof statiopzpssureis governedby the statio-pzymsure .
variationin the oore indioatedin the preoedingparagraph. For “
convenience,this layer~ be thoughtto extendto the pointof the
streamwhere the peripheralvelooi~ is zero,this layerthusoovering
the entireregionof inwsxWlydirectedperipheralflow. Measurements ~
in this regionwere obtainedtrcm~nsional dizwctionalsurveys ..
with a pitotsnd/ora yaw tube insertednoznuilto the wall.

?he -@on of eddying flow.-The regionof eddyingflm is the
reghm in whioh the totalpressureis oonsidezablysmallerthan in the
core. Meas*nts with totakpmssure tubesin or near this region
must be takenwith greatoautim becauseof the highprobabilityof
emors resultingfromym. carefuldirectionalMeasumments near this
‘m@on have shownin almosteve= instancethat the regionof eddying
flowwas not so largenor so intenselydisturhe.das had appearedfrom
nondizactionaltraverses..Distinctionmust also be made betweeneddying
flow on one hand and separationof flow on the other. The latter,
whioh impliesreyersalof direotionof flowin the.regionof separation..

9

is relativelyunccmmonin ourvedduets,exceptthoseof vezy small
radiusratior/bl. The fozmer was encounteredin the regionadJ%cent
to the inner wall in all curved ductsinvestigated.The conditionsof
eddyingflowq zange“franq steadytwistingmotionto a stateof
intensezandmnturbulence.It appearsthat in the absenceof backflaw “
the fluidarrangesitselfin the eddyingzonein .suohmanmr that the
totalpressurelncrease8with the distanceftmmthe oenterof oumature “
of the duet. Thiswas foundto be the case especiallyfor duetbends of~ .
largeradiusratio. Cone-y of staticpressurealonglinesnormal
to the planeof aumature in the oom was found+0 a@y &o to the
regionof eddyingflow,exoeptthat an increaseof statiopressurenear
the inner* was observedas a resultof the stagnationregion
oreatedby the impingingupon each otherof the two peripheralourrents.

Thevtxrious speclflo aspects of flow in ourvedductsq be summarized -
in regardto theirqualitativesignificancewith the aid of the schematio
pzwsentation(fig.12). A brietenumeration of thesephenomena,whioh
- well ~am, is givenhere to facilitatetheiridentificationfrom . “
thOmeasureddata;they indudb: .

1. Retmlation near the outsidewall, accelsxvtionnear the inside “
k aa the fluldentersthe curvedduet,givingrise to velocities
direotedtowamlthe instdewall and leatingto the establishmentof a
flowpatternapproximatingthat of constantmment of nuanentum(station2). “

2. Displacementof the fluidof low axial.velocitysurroundingthe
oore towmi the regionnear the insidewall - a correspondingoutwami
displacementof the oore. The regionalongthe wall.in whioh ocour. .
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transversevelocitycomponentsparallelto thewall direotedtti the
insideportionof the dust seotionhas been referredto as the l’leyerof
peripheralflow”(station3). Two #rosesof dlsplaoementmsy be
dAsti”nguished,namely,the initial shedding”of the portionof the fluid
of low-velooi~Whioh-had been aooumulatedupstzwq!uof the ourvedduet
and the subsequentremovalof low-velooityfluidas it is ptiuoed by
the aotionof skin friotion.

.

3. At the outl& of”the ourveddud, aocelsrationof the fluidin
outwardportionof the duet azwa,decelerationin the inwardportion,
givingrise to tmneveree velocitiesdirOOtedtowardthe outsidewall.

,

4. In the st~ight duct downstreamof the omed duct,gmiual
aooelerationof the fhia in the eddyingzoneand ticq of the latterby ,
attenuationof turbul.enoeleadinRto the reestablishmentof an EUELallY“
Sylmletrioalflow

.

,

l?heresults

pattezm(stati& 6). -.

Tabulationof PrinoipalResults

of velooitysurveysof a largenmiber of duetbends

tie ~ucrtbendsend the Reynoldsmmibe= of the &.sts.-The folhwing
significantdatawere sel.eotedto representthe velooitydlstrlbution,

, as Indioated~ figure13.

tits fram traversein tiapti of ourvak.- The boundary~er
thioknessof the outsidewall is,givennondWmEioneJJy as e2/bl,where.
bl is the width of the duet in the planeof ourvatuzw.Althoughin

fullydevelopedflowin strai@t duetsthe boundary”layerextends
throughoutthe‘oross+eotional-a, in ourvedduetsa distinotlayer
on the outerwall oan be identifiedand is definedaa the zwgionin
whiohvelooitydeoreases.rapidlyto zero at the wall. The thickness
of the region of eddyingflowpear the insidewall is efil= The

nondimensionalaxialvelooityon the oenter~m” iS Vlflmp

In reoonstxuctlngthe midplanevel~ity profilefran the foregoing “
data,it may be assumedthatthe axialvelocitythroughoutthe corevaries
with radiusaocozdingto the constant+mmentif+muentum zml.ationship
Vr = constant.In theregionof eddyingflow it q be assumedthat in
the absenoeof baokflowthe axialvelooi~ im-reseesMnearly with radius
fromzero at the insidewall to the valueat the oommm boundarybetween
soreend eddy zone. #

Data from traversein midplanenomal to planeof curvature.- The
thicknessof the layerof i~ direotedflow in the midplaneIlomlql
to the plane of curvatureIS sh- nom~ia ae,e3/b2 in fi- 13s

.

.
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where ~ is the width of the duct nomuslto thepl”aneOf yurvature.
T2

The maximumvelocityof lmmdl.y directedflow ~ at a $isfance ~
m %

from the waU. and the radialvelocitycompanentap the oenterline ~

are also shownin figure13. ‘ ‘
nl

The patterns of velocitycomponentsparallelto the radiusof
curvatureof the duct in the mid@me normalto theplsneof curvature
may be reconstructedfbomthesedataby plottinga parabolathroughthe
threepointsgiven,mdifyingthisparabolasli@ly on thecenterline
to obtaina horizontaltangent,anddrawinga straightlinefromthe
otherendto zeroat thewall. A ccmparlmnof thedatapre8eu’dAin
tableI revealsa pronouncedbasio similarityof the variousvelocity
profilesin spiteof a considerableraqdm variaticmof cmymponding
individualquantities.No strikingdifferenceshave tem encountered, “
whilea eurveyof the measured‘dataappeareto dieclo8eeeveralfactore-
whfchtend to renderthe velocitypatternsof ductbends of different
propofiionsmore unfformthenmightbe sntioipated. . .

The dletmtion of the velocltypatternis the more proamnced the
smallerthe radiusmtio, particularlyfora radiuaratioleesthen1.O~
ae wouldbe expected(cf.tableI, itemsH, 14,end17). The evidence
ie not canclueiveas to themeritsof largeradiusratiosh thisrespect
(cf.items7 end 10, 47 and !53). DistortIonis smallfor anglesof bend
of 30° and less,but largedietortiae takeplacebetween30° end *o.
Furtherincreaseof the angleof bend,’however,has relativelyslight
effect(cf.Item 36 to 41 and 45 to 50; exceptias, items30 to 35).

Backflowalongthe @lde wall l.ngeneraldidnot occurin curved
ductsof 300 angleof bend (cf. items5, 8, 21, 25, etc.;exceptions,
iteme12sIldu). The occurrenceof baokKow is favoredby smallradius
ratioend by largeangleof bend. ‘Ih additicm,increaseof aspect “
ratio b2/bl,when the”ma~or @s ie nomal to plene of curvature,favers’.

the occurrenceof backflow(cf.items8 to 10, 15 to 17, ~ to 33, end
37 to 39). ~ equareeectionsbackflowdoeenot developas readilyas
in circularsectians(cf.items6 aud 7 and ~ end 28). TMS, tt appeare,
maybe tracedto the ready influxof fluidof relativelylow totalenergy
into the area alongthe ineidewall,whetherit 5s frum the instdecorners
of the.duct eeations,$x the caseof squareor rectsngul.arsections,or
from the regional- the lateralcontoursof the sectlm. This.influx
apparentlycarriessufficientmomentumb counteiaotor at leastconfine
a reversalof flow. These effectsof aspectratio
the &ectionare of generalsignij’icanceand pemzit
the shapeand proportion of the duct sectionmust
minor factorin regardto theirinfluenceupon the
patteznin curvedducts.

and of the shapeof
the conclusionthat
be regardedae a -
distortionof the~ov
,..... ..... ..
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SpecialInvestigations “ .

Resultsof speoialinvestigationsinol.udbthe deoayof the +elocity
I

patternproduoedby a ourvedduet in a downstreamstrai~t duct and the-
effeotof variationsof the upstreemvelooityprofileupon fm in o~ei .
allots. , . .

.
For praoticalpuqoses it appearsof interestto know the w and

the rapiditywith whioha perticuhr velocitypatternprduced by a
curved.ductohangeswith distanoedownstream”of the elbow. various
velooitypatternsproducedby elbowswere analyzedirirem to their
oharaoteristicsand it was foundthat thesepatte~ may be considered
.tobe oomposedof two typesof flowpattern,namely,velocitydiscon-
tlnutiesand axialvortexfilaments. Consequentlythe deoayof a
velooitydSscontinui@and of a singlevortexh a oinmlar duetwem
investigated.separately.

Deca? of’velocib discontinuity.-Velooi~ traye~es were takenin
a strai@t duct of 6-inohdiameterat vaious distxumesdownstreamof
the speoial.seotion(fig.3). The Reynoldsnumberof these tests, ~
based on the mean velooityand the diemeterof the duet,was 0.35x 10 .
The velooi~ profileson themidplanenomal.to the dlvidlngwall are
shownin fi~ 14. Curve (a) refers to the traverseat the trailing
edge. =er velooitytraverseswere takenin severaloross-sectional
planesat variousdistancesdownstreamof this section, traverses (b),
(c),and (d),as indicated.The velocityprofilssindicatethe rate of - ‘
deoayof the velocitydisootiinuity;a velooity,profileroughlyoresmibling
the fhllydeveloped profileof a straightduetwas reestablished
24.7diemetersdownstmxunof the.trailingedge.

..

Decay of vortexin straightdnot of cimmlar crosssection.- This
seriesof testswas oonduotedin a dinob+iiemeterstrai@t circular . .
duet on the inletside of the blowerin whichan axialv~rtexwas
pzmduoedby the speoialinletshownin figure2. Directionaltotal-
and static-pressuretnverses were obtainedalonga

P
ameterat various .

distanoesdownstreamof the ellwwat R = 0.304 x 10 and at a 32.5° “
settingof the deflectingvanes. From thesemeamrementswere mloulated
the profilesof oiroumferentialvelocities,namely,for a distanoeof ,
O.Y diameter(curve(a) in fig. 15), for a distmoe 8.7 diemeters
(ourve(b)),and for a distsnoe24 diemetem (curve(c)). Also shownin
thisfi~ are correspondingtota&pressureprofilesto supplement
the evidenoefromthe velooityprofiles. It is seenthat the vortex
deows vezy gmduddy from its oenter,the votiexbeing quitedistinct
24 diametersdownstreamof its origin.- Thue it may be oonoludedthat
in elbowswhioh developa distinotvortexflow,the downstreameffect
willbe feltovera conside~blylargedistenoe.“

. .
Decay of a patterxiproducedby a 90° elbow.-Velooityastribution

measurementsobtaitid@ the midplaneof curvature”at variousdistanoes
[downstreamof a 900 elbow“of‘Giroularoross”section,6 inohesin d@meter,

.. ..-. . ... ..__.,. —-- —..-.—— Y—
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,.
withmdius ratioof l.”~,testedat R = 0.304x 106,are shownin
figure16, namely,the nondimension velooi~ profihs and the non-
dimensionalStaticl.pressure. The ourvesindioatethat at a distanoeof
12.3 disaetersfrcmthe outletof the elbow,the velooitypatterncome-
spondsfair3yoloselyto a fUllydevelopedpatternin a stmight duet,
whereasas closeaa 8.3 diametem downstream,the deviationsmay be
consideredof minor otir. Statiopressuresin bo&t casesam .unifozm
aorossthe dlmneter. Of interestis thO canparisonof the velooity .
patternat the outletti at 2 diametersa_trO~ of the outlet
(ourves(a) and (b),respmtively),whiuh seemsto indicatethat the main
mass of the fluid;pezt’ozminga motionof two spiralssymmitricwith
respectto the plane of curvature,is displaoedtowardeitherside,the
regionnear the @ane of curvaturebeing ocoupiedby eddyingfluid
surgingup fYom the regionof the insidewalloftb duct. This phenomdn,
while difficultto’traceby means of mm+ uraments,appeam to be quite
ctommontn duetsof oimmlar orossseotionend smallradiusntio. In
this respectthe static+ressuredistribution2 diemetem downstreamof “
the elbow (curve(h) of fig. 16) is of interest as it inaioatesan
impingingof the.fluiaupon the i-r wall. A similarcyoliuvtiation .
,of the flowin ourveaduets“hasbeen commentedupon by Eustioe
(referenoe2).

Effeotof UpstreamConditiom.-Tuo inirtanoeeof symmetrical - . u
variationsof the upstreamvelocityprofilewere investi~ted~-~~ - ..
variationsof the velooityprofilesuohas oocurin the approaohlength
of a strai@t pipe and effectof poorlyfittedduet flanges. In addition
o% conditionof aeymetricalvariationof the upstmem velooi@ profile
was investigate.

.

The effectof variationof the upstreamvelooi* was i~e8ti~t0a
by two testsin which a 90° elbowof 6-inohAiemeteroizmlar oross
seotionand radiusratioof 1.5 was placeaon the dischargesideof the
bluwer,firstat the end of a straight&uot of l~f oot len@h placed
betweenthe plenumchaniberand the elbow,then”directlyagainstthe
faimd.outletof the plenumohemberwithoutan interveningapproaoh
-h= ~ ~~ fo=r o-e the vel.ooityprofileat the inletof the
blowerwas fullydeveloped;in the latterit was Pxaoticallyflatas
seen in mxrves(b)and (a),respectively,of figure7. Comparative
data fromthe vel.ooitysurveyat the outletsof ths elbowsare given
in table1, group5. Althoughdiscernible,the effectof the upstream
velooitypatternupon the velooityprofiledownstxwemof the elbowis
small.

. .

The effeotof poorlyallnedduetflangeswas shmlated by soldering

a
*
-inoh-di-lmr win ring cinwmferentialdyintothe straightduet

1/2 Inohupstreemof the inletof a 90° elbw of 6-ino&dlemeter
cinular orossseotionand radiusratioof 1.5. This elhuwwas plaoed
on the inletside of the blowerat an approaohlengthof 2 feet. The
testswere oonduoteaat a Reynolds-tier of 0.3 x l@. Measurements

, ..

.
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of the velocityprofilein the midplaneof ourvature4 inohesdownstream
of the elbowand boundazy+er traversesshow= inoreaseof the area of ,
eddyingflowas comparedwith the test of the elbowwithoutringat
correspondingoonditions.Likewisetherewas a sldghtinoreaseof the
quantityof inwardlydireatedflow in the pzmximi~ of the wall.
Comparativedataare shownin tableI, group6.

,
The effeotof aeymmetrioalvariationof upstreemvelocityprofile

was investigatedaa follows. The upstreemvel.mityprofilewas varied .

by placing~e duct sectionshownin figure3 at @e end of a lo-foot
approaohlengthdirectlyupstmsm of the 6-inoh-diemeter,90° elbow,tith
radiuslxl!tioof 1.5. In successivetests,w at R = 0.3 X 106,the
sareenedsectionwas plaoedin the innerhalf’of the duet-a, the outer
half of the dot area,and on one aide of the planeof curvature. The
resultantflowpatternsat the outletof the duwtwere determinedfrom
numerouspressureand velooitysurveys- directionalwhen required-
takenin the straightduetat variousdiemeteraand distancesdownstream ,’
of the elbow,of which a few ~ical profilesare shownin figure17. -
The testwith the soreenedsectionplaoedin frontof the innerhalf of
the elbowarea producedthe profileof sxialvelocitiesin the planeof 4
curvatureat the outletof the elbow (curve(a)). This profileis of a ‘
type similarto the profileproducedby the same elbowwith axhd.ly
symmetricalflowat the inlet(ourve (b),replottedfrom fig. 8), and
consequentlythe effectof the upstreampatternis s~glitin this case.
,Whenplacingthe sozmenedsectionin frontof the outerhalf of the elbow
-a, it mightbe expectedthat the regionof low velocitiesmightpersist ‘
-throughoutthe bend in“theouterportionof the areawhere it was pkoduced; .
likewisethe.regionof highvelocitiesmight rematiin the innerportion.
Thus the resultingvelocityprofileat the outletmight have a smpe . .
roughlyantisymmetrioto the profilecurve(a)with respectto the,axis . ~
of the duct. Contraryto this expectation,however,the profileat we
outletof the bend (curve(c)) showshigh velocitiesin the outside -
portion,beingsimi= to arves (a)and (b). This pzmvesthata nearly - ~
ocmpleteinterchangeof the low and high velooi~ regionshad takenplaoe “
in the elbow. ,

Resultsof testswith the screenedsectionon eitherside of the
planeof cmrvatureindicatedaxialvelocityprofilesof which curves(d)
and (e) of figure17 are ~iml. In addition,nondimensionalstatio . ‘
pressuresand tangentialvelocitiesin the planeof curvatureare inoluded.
Thesemrves are evidenoeof a pronouncedntaq motionsuoh that
the fluldof highervelooi@ whichhad passedthroughthe nonscreened
sectionspiralsin the duet,a~earing in successivetmverses first
on one sideand then on the otherof the”duet.untilthe fluidof higher !
kineticenergyis ratheruniforndydistributedaroundthe circumference ‘
and surroundingthe fluidof lowerkineticenergy. The resultsobtained “
fromthe foregoingseriesof testsare believedto give an indicationof
the velocitydistributionto be expectedfrom the coinbinationof two ,
90° elbowsin a 1800bend, in a &-bend,end in a 90° off8etthree-
dimnsionalbend●

*

. . ...__ . ..-. . . . .- . . ..- -- ..,__ ~——. --—— — ~. I
,.

. . .!



●
*

,.
. .

I?ACATNNO-.1471

.

ca?mJsIom

.

~erimental investi~tionof velooitydistributions
singleduetbendshas led to the followingoonolusims:

,.

dow@meam of

1. Severaldistinctiveregionsof flow~ lyxdefinedin owed
ductsopem%tingat high Rwldq nunibers,“referredto as the “eon,” the-
“la@r of periphezzzlfloW,”and the “regionof eddyingflow.” The>
oharaoteristiosof flow in eaoh regionmust be takenintoaooountand
specialmethodsof meaaumment a@Soable in.eaohregionmust be employed‘
when surveyingthe flowpattez%.

2. The foremostfaotoraffeotingthe flowat high Reynoldsnumbe~ ‘
In curvedduetsis “tiedisplacementof fluiaof relativelylowertotal .
energytowazdthe regionnear the insidewall of the ourvedduet. This ..’
motionand the correspondingOU- displacementof the coreaocount
for the more tmportantfeaturesof velocityprofilesin ouned ducis..

3. Whilea regionof eddyingflownear the insidewall of curved
duetsis enoounterd as a resultof displacementflow in all cases,
separationof flowaoccunpanledby reversalof flow occursonly in a
minori~ of c-eti ducts,particular thoseof more than 30° angleof .
bend,of smallnadiusratio,and of largeaspectratio. The shapeand . .
proportionsof the auct.seotionare a minor faotorin regardto their
effeotupon the distortionof the flowpatternin ourvedduets.

-.
4. Frommess

.
urenmntiof total-pressure.variationin curvesauct8,”

it is inferredthat instabili~ of flownear.the outerwall of duct - “
bendsof largeaspeatratioleadsto mixingof fluidsof different
ldneticenergies. In c-es duetsof smallaspeotratiothistendency
is not aa pzmponderantsinoethe fluidof lowerkineticenergyis
displaoedmozw readi2yt- the.insideportionof the duct.

5. Pronouncedvariationsof velocityproducesby curvedductsdecay
relativelyrapidlyin the straightduct downstream.ofthe outlet,whereas
spiraling motionpersistsovera gmeataistanoe.

6. Spiraling motiononncent~o with the axis of the duet oocurs
as the resultof upstreampatternsasymmetricalwith respectto the
planeof curvdam of the duct. DoubWpimallLng motionroughly
symmetricalwith respeotto the planeof curvatureoocursas the resultof
violentsepmation in elb~ of smallradius“z%tio.~clic variations
of the velooity~ttqrn may persibtovera’tistanoedownstreamof the ,
curvedductas a resultof a separationof fluitlmassesof largertota~
pressurefromthose‘ofsmallertotalpressure.’-. .

7. The tests,wfich extended.“oyer”~ @I& of.Reyqoldsnuuiberat
a mean valueof

....--------.--

approximatdyWO, OOi),’-thit is;‘iritie I%gi-bnof ‘
, ... .2-
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welL-dev@opedturbulentflow,did”not revealan appreciableeffectof
variationof Reynoldsnumberupontheveloai~profiles.

.

8. Thelengthof stmight-approaahdustto theotied ductandthe
poormatohingof dust~ointsbothinfluenbetheupstreamvelocitypattern

.

andhavea noticeablethoughslighteffeotiuponthevelooitydistribution
in ourvedduate. .,

,,
. .
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